The origin of low threshold field emission (threshold field 1.25 V/μm) in nanocrystalline diamond-like carbon (nc-DLC) thin films is examined. The introduction of nitrogen and thermal annealing are both observed to change the threshold field and these changes are correlated with changes to the film microstructure. A range of different techniques including micro-Raman and infrared spectroscopy, X-ray diffraction, electron microscopy, energy dispersive X-ray analysis and time of flight-secondary ion mass spectroscopy are used to examine the properties of the films. A comparison of the field emission properties of nc-DLC films with atomically smooth amorphous DLC (a-DLC) films reveals that nc-DLC films have lower threshold fields. Our results show that nc-DLC can be a good candidate for large area field emission display panels and cold cathode emission devices.
INTRODUCTION
Carbon based materials have a number of properties that are attractive for large area electronic applications. [1] [2] [3] [4] [5] [6] For example, diamond-like carbon can be deposited over large areas and at low substrate temperatures. 5 An important electronic property of such carbon based materials, which includes diamond, carbon nanotubes (CNT) and CNT-composites, is their ready ability to emit electrons into vacuum which make them suitable for applications in field emission display technology. 2, 7, 8 Diamond-like carbon (DLC) thin films are well known for their exceptional mechanical properties [9] [10] [11] [12] [13] [14] and recently, we have explored the mechanical, optical and electrical properties of DLC and modified DLC thin films. [15] [16] [17] [18] [19] DLC thin films are known to emit electrons 20, 21 , however, compared with diamond and CNTs, their threshold field (E T ) tends to be higher and emission current (I E ) is lower. As a consequence for the past few years research has been focused on nanocrystalline DLC (nc-DLC) films in order to reduce E T and enhance I E . If the value of E T found in DLC and nc-DLC thin films could be engineered to be comparable to that of CNTs this will be a major breakthrough for field emission based devices as the deposition of DLC and nc-DLC thin films over large area is a relatively simple and inexpensive process.
At present the values of E T reported from CNT cathodes vary from 1 V/μm to 5 V/μm. 2, 6, 7 , whereas E T normally starts beyond 5 V/μm and can reach above 20 V/μm for DLC, tetrahedral amorphous carbon and nano-diamond thin films. [20] [21] [22] Ikeda and Teii 23 have demonstrated a low value of E T of 3 V/μm in a nanocrystalline diamond field emitter. However, further reductions in E T below 3 V/μm in DLC, modified DLC and nano-diamond films will be a great achievement towards the realization of simple, cheap and efficient field emission devices.
In this paper, low threshold field emission (E T ~1.25 V/μm) of electrons in simply fabricated nanocrystalline DLC (nc-DLC) films is demonstrated. In addition, the influence of nitrogen and vacuum annealing on the properties of modified nc-DLC thin films is also studied. The field emission characteristics of comparatively higher self-bias grown amorphous DLC (a-DLC) and nitrogen incorporated amorphous DLC (a-DLC:N) films are also studied and compared with the as grown and modified nc-DLC thin films. Torr. This working pressure is obtained by first incorporating acetylene (C 2 H 2 ) gas that changes the pressure from 10 -5 Torr to 7.5 x 10 -4 Torr and then argon (Ar) gas that changes the pressure The overall resolution for ToF-SIMS is 1 nm. nanocrystalline but images show no significant chages in the structure. The FESEM image of the a-DLC film (sample EA-9, Fig. 1(d) ToF-SIMS is a high resolution destructive technique by which not only the constituents of films can be investigated but also atomic diffusion at the film/substrate interface can be and EA-6. This can be seen in sample EA-1 where C and H diffuse slightly into the Si substrate but that H diffuses deeper owing to its lower atomic weight. It is worth noting that the diffusion of C in sample EA-1 is found to be significantly lower than in unhydrogenated DLC and tetrahedral amorphous carbon (ta-C) films owing to presence of H. Furthermore, when sample EA-1 is annealed at 250 o C for 90 min, the diffusion of C and H is enhanced. Similarly based on analysis of samples EA-2 and EA-6, it is inferred that annealing at 250 o C for 90 min enhances the diffusion of C, H and N into the substrate. By taking the average intensity ratios, the approximate percentage of nitrogen in a sample EA-2 has been estimated to be about 6 at.%.
MATERIALS AND METHODS

Samples
RESULTS AND DISCUSSION
This agrees well with the nitrogen content as estimated by EDAX which is about 7 at.%.
The micro-Raman spectra of nanocrystalline (samples EA-1, EA-2, EA-5 and EA-6) and amorphous (samples EA-9 and EA-10) DLC films are shown in Fig. 4 25 From figure 4(a), it is evident that the as-deposited samples EA-1 and EA-2 have not only a low D peak intensity (lower disorder) but also had G peak towards lower wavenumber. Among the two samples, sample EA-1 (nc-DLC film) has a lower disorder and G peak shifted towards lower wavenumber side than sample EA-2 (nc-DLC:N film). By contrast, annealing of the films leads to increased disorder with a shifting of the G peak towards higher in sample EA-6. The nitrogen incorporation and annealing significantly affects the microstructure of these films by increasing the sp 2 phase. llie et al. 12 have also observed increased disorder and hence, enhanced I D /I G ratio in a-C:H, tetrahedral hydrogenated carbon (ta-C:H) and tetrahedral nitrogenated carbon (ta-C:N) thin films. Ferrari et al. 25, 26 and Rodil et al. 27 have also suggested that the shifting of G peak towards higher wavenumber and increased I D /I G ratio in amorphous carbon films are accompanied by enhanced sp 2 bonding.
Our analysis also infers that thermal annealing had more pronounced behaviour in nitrogen included nc-DLC:N films than pure nc-DLC films. This can be confirmed by analyzing the data of the as-deposited and annealed nc-DLC:N films with respect to the as-deposited and annealed nc-DLC film. The as-deposited nc-DLC:N film (sample EA-2) has a G peak at 1560 cm -1 but it is shifted by ~10 cm -1 towards higher wavenumber side in 250 o C annealed nc-DLC:N film (sample EA-6) and found to be at 1570 cm -1 . Similarly, the I D /I G ratio in sample EA-2 is found to be 0.665, which is larger than the value of 0.12 in sample EA-6. By contrast, the asdeposited nc-DLC film (sample EA-1) had a G peak at 1547 cm -1 which is shifted by only 3 cm 
where J is the current density, Ф is the potential barrier height (taken as the work function), E is the applied (or macroscopic) electric field, β is the field enhancement factor and a and b are constants and have the values of 1.56 x 10 -6 A eVV -2 and 6.83 x 10 7 VeV -3/2 cm -1 , respectively. It can be seen that these emission curves are well fitted in their F-N plots, confirming that the electrons are emitted by cold cathode emission process. With the help of such F-N plots the field enhancement factor (β) can be estimated for a given value of Ф, taken as 5 eV. The parameter β is associated with the generation of the local field rather than the applied field and is normally expressed in terms of ratio of local (E local ) to applied (E) field. If β is large then lower applied fields can generate same the high local fields necessary for good field emission. The value of β is found to vary from 7620 to 8962 for sample EA-1 from run 1 to run 4 which explains the reduction in the threshold applied field.
Depending upon film structure, two types of field emission mechanisms are possible in amorphous and nanostructured carbon films. Generally low bias grown polymer-like amorphous carbon (PAC) films with fewer defects and low conductivity show back contact controlled field emission due to the formation of leaky barrier at the film/back contact interface. In contrast, comparatively higher self-bias grown DLC and nc-DLC films having high defect density and higher the conductivity exhibit front surface based emission. 5 Various models have been suggested with regard to the explanation of field emission from DLC thin films, but a complete interpretation remains unresolved. The situation becomes difficult when E T reaches below 5 30 have fabricated a diamond and CNT composite structure and observed low E T and high I E characteristics during field emission measurement. They have suggested that CNTs have a high aspect ratio and during field emission heat is produced in CNTs. The sp 3 diamond grains act as a heat sink and help to maintain the efficient field emission property of overall structure. Similarly in sample EA-1, under the action of an external field the sp 2 bonded conducting pathways may be heated due to predominant emission of electrons through this region. Among the four runs, run 4 exhibit lowest E T and highest I E ; attributed to current induced transformation of sp 3 bonding into sp 2 bonding. 31 In order to explore the influence of nitrogen incorporation and annealing on the field emission characteristics of nc-DLC and modified nc-DLC films, the field emission I-E curves of different nc-DLC based devices are recorded (samples EA-1 to EA-6), as shown in Fig. 8(a) .
Here, it is found that among all samples, the sample EA-1 shows lowest E T at 1.25 V/μm.
However, when sample EA-1 is annealed at 150 o C for 90 min, the value of E T in sample EA-3 is slightly increased to 1.76 V/μm. Nevertheless, when the temperature for annealing of sample EA-1 is increased to 250 o C (for 90 min), the value of E T in sample EA-5 is drastically enhanced to 9.8 V/μm, which is found to be the highest E T among all the nc-DLC samples. This infers that annealing of these nc-DLC films modifies the film structure and affects the electron emission. The influence of morphology and self-bias on field emission property of carbon films are also explored. The I-E characteristics of a-DLC (sample EA-9) and a-DLC:N films (sample EA-10) are recorded is shown in Fig. 8(a) . The value of E T and the maximum value of I E in a-DLC film (sample EA-9) are found to be 7.6 V/μm and 2.7x10 -5 A, respectively. On the other hand, a-DLC:N film exhibits a comparatively higher vaue of E T and lower current. In sample EA-10 initial emission begins at 9.77 V/μm which is higher than the value of E T of sample EA-9 due to nitrogen induced structural changes as confirmed by micro-Raman analysis. When compared the values of E T of sample EA-9 with EA-1, the value of E T is found to be significantly larger in EA-9, which is due to fact that EA-1 possess nanostructure (some geometrical structure that helps enhancing local field) whereas EA-9 shows an amorphous structure (no geometrical enhancement ). Similarly, the value of E T of EA-10 is found to be larger than that of EA-2 due to the amorphous structure and higher self-bias growth of former sample.
Examining the current research on carbon based materials for field emission applications; Talapatra seperately, which as shown in Fig. 8(b) and F-N plots of samples EA-2, EA-4, EA-5, EA-6, EA-9 and EA-10 are given in Fig. 8(c) . Here all emission curves properly fitted for F-N plots confirming electrons are emitted from the front surface. It is to be noted that sample EA-10 possesses two slopes; one in low field and other in comparatively higher field; as represented by S1 and S2, respectively which usually signifies the presence of current saturation at the higher field values. 
CONCLUSIONS
In Figure 8
